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1 Introduction

Much attention has been paid in the past to the exclusive pionic reixtions in
nuclei, with hopes that one can learn both about nuclear structure and reaction

mechanisms. Further experimental and theoretical work has convinced us that the

reaction m~hanisma are more complex than were originally thought. Evidence that

pion absorption requires two, three or more nucleans’1 haa added new elements to
the discussion. Detailed calcu!ationn also show that the amounts of tw~ and three
body absorption are comparable around resonance, while the four body contribution

is smaller than the other two21. The amount of experimental data in pion nucleon

reactions also calls for an unified picture that describes realistically the reaction
m=haninrnn and which can be used to study all these reactions. We have undertaken
such a taak and have applied it to the study of inclunive pionic reactions where the

detaila of nuclear structure are leaa important and only their grwa features matter.

The study of pion propagation through a nucleus proceeds in two steps. In the
first one, a thwretical scheme iE described in which, by meann of phenomenological

couplings of mesons to nucleons and isoba.rn, and by applying systematically many-

body field theoretical methods, one k able to write down the intrinsic probabilities

for a certain reaction to take place aa a function of energy and the nuclear density.

In the second step we tra.nnlate these ideaa to finite nuclei by meann of a local density

approximation, however taking into account hnita rmge effecti. Next, the problem

of multiple collision in the procma and the interference of the different reaction

cha.nnel.a are tden into account by meam of a computer simulation of the process
based upon the intrineic reaction probabilities (for one collision) which have been

calculated before. By means of uuch a procedure one obtains a good reproduction

of the experimental crme reactions for the different reactiom, absorption, qt Mielas-

tic, single-charge exchange and double charge exchm]ge, aa well m differential crcm
sections.

We translate some of th~ ide~ to highez ener~i~, 400 ?4eV < T= <~ MeV

md indicate the implortmce of tw~ and threbody- absorption for singlecharge ex-

change. We then inchude th~ new elements into an c+ikonal ●pproximation in order to

evaluate differential c- ~tions for exclusive pion-nuclear oingl~harge exchange.

2 Propagation of pkms through nuclear matter
and nuclei

A pion wave traveling through ● medium of towtut dmnity would contain a phase

exp(–i VoP&)which tells us that pioru are removed from the elaatic flux at the rate

1 dN
r=—— = –21mVOPt ,

Ndf
(1)



which can be rewritten in terms of the pion selfenergy II, (2wV’oPtE II, w pion energy)

(2)

where P is the probability per unit time for a reaction to take place and dl = ~dt

is the distance travelled by the pion in dt. We can thus interpret –~ImI_I u the

probability per unit length for a reaction to take place.
Our idea is to evaluate the pion-nuclear optical potential in infinite nuclear matter

as a function of the density and then use it in finite nuclei, substituting at each point

the nuclear density by the local density of the nucleus. Thin is the essence of the
local density approximation which we aseume in our scheme. However, we include

the eff-ts of finite range of the interaction by means of a convolution of the pctential
with the range of the interaction 3’41.

However, eq. (2) can provide more information than just the total probability of
reaction since, aa we shall see, we are abl~ to separate the different contributions to

IrnII and relate them to the probability for different reactiona to take place. This is
the mmt importut ingredient in our scheme and which allows ua to finally evaluate

crom sectionn for the different reactions.

However, the local probability for a certain reaction to take place in only one of the

ingredient needed b~auae the pion haa to be followed through the nucleu.a calculating

at every moment the probability that a certain reaction takea place. This means that

one gets naturally a set of coupled differential equations which require a simultaneous

solution. This second part h~ been done by meana of a Monte Carlo computer

simulation which haa analogies with some of the caacade codes 6’6). A sufficiently

small interval of time is choeen such that the probabilities for the reactiom are small

compared to unity; s random number ia generated which decides which reaction takea

place, or whether there iE no reaction, according to their corr=ponding probabilities.
Ln the latter caac the pion continues until it finally underg~ some reaction or leaves

the nucleun. It is clear that by such a procedure we ue taking into account the loss of

flux of the pion.s from the eltitic channel which we know is related to the imaginary

part of the optical potential. The simulation does thb job for un but also tells us

into which of the chumdc the pion haa gone: quasielaatic, single-charge exchange or

absorption. Note that eq. (l-2) do not contain the elaotic scattering, since in infinite

matter the pion.s propagate foward and only the reaction chwnels me responsible

for the lom of fomard pion flux. A similar rel~tion to eq. (2) in nuclei is the optical

theorein, which relatu the total crou eection (elastic a.tattering included) to the

imaginary part of the T matrix, fi=(q, q/) (not the optical potential) in the forward

direction

(.7,., = –:hi=(q,q). (3)

It is cleu that for our simulation procedure the input provided by eq. (2) is the

moat appropriate. However, one can not neglmt the elastic scattering, but it enters
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Fig. 1. Model used for the pion-nucieua optical potential, incorporating ~uaaielaatic
scattering, two-body and three-body absorption. Explanation in the text.

the scheme in an indirect way by distorting the pion waves without any IWO of flux.

TWO approached have been taken at this point. The fimt one I “;ka upon the fact

that el~tic scattering in nuclei is mostly fomard and, of course, conserves the pion

flux; hence, we take a straight trqjector-y of the piona between collitiions, The second

cne aasumea that between colliaiom the pion follows a claaaical trajectory which one

evaluate from the real part of a realistic pion-nucleu potential. As we shall s-,

both procedura lead to aomawhat different raulti at pion ●nergica below T’m= 120

MeV, but the chang- are vel~ small at energi~ Wound resonanct and above. This
gives us confidence that ● more :ealiatic quantum mechanical way of dealing with

this part would produce similulv small chang-.

2.1 Evaluation of the opt!cal potential

Next we show the input for the optical po’~ntial, In terrnn of many-body Fcynman

diagrams we t~e the modal shown in 6g. 1. We waluate the diagra.ma in infinite

nuclear matter and then construct ● local pier:-nucleus optical potential by means

of the local density approximation, however takir~g into account the finite range of

the interaction, w we mentioned, Now, of course, we w~nt to evaluate and classify

ail sources of th~ imaginary part. A.a we know the sou~ces of imaginary part in the

FeynmrLn diagrams appear when the particle lin~ cut by ● ~traight line are placed on

:}~sll. In thin way the cuts in diagruna a) and b) would account for qu~ielaatic scat-

tc~ lng (including charge exchange). Diagram b) would nymbolize the ~auli blocking



correction. In diagram c) the upper part corresponds to two-nucleon pion absorption
while tile lower cut would account for higher order quasielutic corrections. Simi-
larly the cut shown in diagram d) corresponds again to a higher order quasiela~tic
excitation while the cuts in diagrams e) and f) correspond to tnr-nucleon pion ab-
sorption. The wavy !ines stand for the induced interaction which is constructed from

n and p exchange, modified by the effect of the short range correlations and iterated
to all orders of the ph or Ah excitation. Details of the calculation can be seen in

ref. 2. The kind of many-body expansion used here beam close resemblance to other

successful many-body schemes like the hypernetted chain approach 7, 01 the planar

theory 8).
One comment must be made with respect to the thre+body absorp~ion pieces.

In diagram f) the part of the interaction which contains pion exchange will be sllch

that the pion will be necessarily off-shell. This is so because a real pion cannot
excite a ph in nuclear matter for reaaona of energy and momentum conservation.

However, diagram e) will have izgain the pions off-shell in the interaction to the right
but the pion in the interaction to the left, cai~ be on-tihell. This corresponds to a

physics! proceaa where there ia pion quaaielaatic scattering foilowed by two nucleon
pion absorption. It i.aclear that such a contribution haa to be excluded because it will
be automatically generated by the simulaticm procedure. Hence, what we call three

body absorption contaim the contribution from the othw pieceu of the interaction

and the one from off-shell pions.
Another aapect to strea.a here ia the fact that our ~timatea of four.body absorp-

tion 2, and more recent calculation 9, show that these piaes are already smaller than

threebody absorption around resonance and somewhat above, and it appears that

the many-body approach provides a good convergence at the ievel of three-particle
three-hole excitation at these energies.

2.2 Delta selfenmgies

The same model of fig. 1 for the pion selfenergy can ba used to construct a model for

the LI selfenergy. Indeed, just erase the external pion Iinm and the nucleon line of

the left in all those diagrams and then we have th~ corrmponding ciet of A eelfenergy

diagrarna. The same cuto discu.saecl abova would now be present and would give rise

to the imaginary part of the A aelfenergy. V/e shall claaaify th~ cuts aa quaaielaatic

or absorption cuts according to their nature in tk corrmponding pion selfenergy

diagram. As we have discusued before it u clecx that mme of the cuts correspond
to higher order qu~ielastic scattering and not ●bsorption. The numerical evaluation
haa been carried OIALin ref. 10 and we show the renult.a in dg, 2 for ths imagir.~ry

part of the selfener~.

We can me that at low encrgi~ tw~body ,i~rption k dom~nant, but au the en-

ergy increaaea both the higher order quasi~l~tic pm.rtand the tl~r~body absorption

get more ‘mporta.nt md become comparable to the tw~body absorption part. Also

in fig. 2, the total result is contr~ted with the empirical points of the spreading
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potential of ref. 11 for an effective density of p = 0.75P0 121since the results here
are not a function proportional to p as amumed in ref. 11. The agreement with the

empirical points is rather good, as can be observed in the figure.

3 Simulation procedure

Eq. (2) gave us the probability in the small time At for a certain reaction to take
place, The procedure outlined above allows for a separation of all different sources
of imaginary part of II and hence provides the separation into the probabilities for
each reaction to take place. We start the simulation by generating a random impact
parameter at a distance sufficiently far from the nucleus. Then we allow it to proceed
forward in steps At . At some point it undergoes a reaction or abandons the nucleus.
If the pion has been absorbed then it counts ae an event for pion absorption. If the
reaction has been quesielastic we still have to determine the charge of the outgoing
pion, the new direction and the corresponding energy of this pion.

3.1 Deterxninat ion of the charge

An easy ieoepin analysie of the structure of the different rN + #N’ amplitudes in
the reeonance region allows us to write the transition matrix. By assuming a simple
scaling of the neutron and proton deneitiee

Pp/z = P-IN (4)

we can write the transition matrix in terms of the variable x = (N - Z)/A = ‘s]

(

5–4Z l–z o
Q~~~a 1+2 4 1–z

)

(5)

o 1+2 5+4Z

where A, A’ stand for the n+, W“,r- indicw and QAIAgiveo the probability that the

pion of charge J becomes a pion of charge J’. Once again, by generating random
numbem and weighting them with theee probabilities, we determine the charge of
the outgoing pion. The seroa in QA,Areflect the fact that no double-charge exchange

OCCUMin a single collision in thin echeme.

3.2 Determination of the scattering angle

In order to determine the scattering angle we go back and rewrite the fiN -+ rN
crom mction in the XN CM system u

(6)

where p in coe 4, with # the angle between the incoming and outgoing pion momenta,

and XA ia the local delta selfenergy.
We proceed in several steps:



1. A random incoming nucleon momentum is chosen from the local Fermi sea in
the Lab system.

2. A Lorentz boost is made to transfam to the TN CM system.

3. A random angle between the pion momenta is chosen, however, weighted by

the angular weight of eq. 6.

4. We make the reverse Loventz boost to go back to the Lab system.

5. We exclude the quasielastic events in which the outgoing nucleon has a mo-
mentum below the local Fermi momentum.

This procadure determines the new direction and energy of the pion in the Lab
system. The procedure continues until eventually the pion is either absorbed or it

leaves the nucleus with a certain charge, a certain direction and a certain energy,
which allows us to determine Cah or d2cr/ (KME) for the quasielastic, single-charge
exchange and double-charge exchange. By integration over the other variable we can
equally determine da/dfl or &/dE.

3.3 S-wave contribution

The resonant mechanisms considered before take into account only the p-wave nN

scattering. Below Ts = 100 MeV the s-wave becomes progr~aively more impor-
tant and we include it. The quasielastic contribution is simply taken as Q(’) dt =

cd’)p(r)cftq/w, with c(’) the s-wave KN scattering cross section. We also do an isospin

analysis based on the experimental phase shifts and construct an energy dependent
transition matrix analogoua to the one in eq. (5). On the other hand for the true
absorption probability we take, sa is usual in pionic atoms analysis,

(7)

with A(’) the robability per unit time for s-wave absorption and A4 the nucleon
mass. ImBo r“’ is calculated theoretically through methods similar to those exposed
before, and we find14)

ImB$4’) s 0.035rn;4 , (8)

quite independent of the energy in the range O < ~. <100 MeV.

4 Results for the inclusive pioxdc reactions

We pass now to a comparbn of the reeults with the experimental data of refs. 15-18.

In fig. 3 we show the results for the tctal reaction cross section for several nuclei.
The agreement with the experimental data ia rather good except at low energies
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Fig. 3. Total reaction croaa section for diflerent nuclei as a function of th~ energy. The

dashed lina SUume straight propagation of the piona between collisions. The con-
tinuous lin~ assume chasical tr~ectoriea between ucatterings. Experimental points

from ref. 1S.
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where we know our aFprotiatioM of the elastic mattering should be improved.

Irdeed, we can observe that there are uome differences between our results calculated
with the straight propw-tion betw~n colhaionn or with chasical traj~torim. Th~e

latter rcaul~ ~m to “reprove the calculation somewhat. For the real paxt of the

optical potential we take a &at-order p-wave optical potential ar”uing irom ph and

Ah excitation 191plus s ~wave part from ref. 12.

Ln fig. 4 we show the multi for pion aborption with similar features M before
and overall good agreement uxcept for the region of low energien.

In fig. S we show the reaulta for the integrated quasielastic crma ~tion for two
nuclei aa a function of the energy. Once again we see that tha agreement is rather

good. There are large discrepanci~ with the data of ref. IS at low energies for 56Fe
bu$ the agreement is much better with the new experiment~ rtmulta of ref. 17.

fn fig. 6 we show the ramltn for the sing!~harge exchange integrakl crow section
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Fig. 5. Quaaielaatic croee section. Experimental po”mta from refs. 15-17.

for two nuclei. Once again we can observe that the ag~eement in ra~,her good.

Ln Fig. 7 we show the reeulta for the doubl~harge exchange integrated cross

sation for ‘OCa and compare them with tkm experimental data of ref. 18. The overall

agr=ment u also quite good although ●t large energia there in more disagreement
with the data. However, thb is not truly eo. Lndeed the experimental r-ulta are

obtained by detecting s x - in the tial state. This experiment thus includa events

of pion-induced pion production, aoentially (K+, x-x+) events, Thae croa sectionn

are not negligible compared b thtxe of doubl~ha.rge exchange without part iclc

production. Lndd, there have been recent measurements ●t TRIUMFml for the
(X’, n+ X-) ,Wtion on ‘CO which agree with an earlier calculation of OUM’ll. Thae

calculations would give u N 3 mb for thb crou -tion at T- = 260 MeV for 40Ca,
bringing the experimental raulta in chxer agmment with the theory.

Finally, in fig. 8 we h~ve selected mme raulti for which there u some discrepancy
betwmn our raulti and the experimental data. Th~ ue the ngular d~tributionn
in ~Pb at ~~ = 10C)MeV. Although the theoretical ~~ults are in fair agreement
with experiment for the qu~ielastic and (K+, x“) reactions, thti for the (n-, fro)

reaction show di.screpancia of uound a factor two or Irn. At this point We would
like to recall that we have taken the same neutron and proton radiun for the nuclew

den.aiti~ in our calculations, an approximation which should not be too good for

a heavy nucleus like ‘Ph. On the other hand we have taken tfio Pauli blocking
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effect with an average Fermi sea for neutrons and protons. Such details slwuld be
incorporated into the scheme for a closer comparison with quasielaatic and charge
exchange experiments in heavy nuclei where N and Z are quite different.

The overall agreement for different reactiom, nuclei tmd a wide range of energies
should be considered se a remarkable achievement of a theory where there are no free
parameters.

5 Higher energy exploration

Recent ‘z] and proposed experiment~ at energies higher than re~onance at LAhlPF
will bring new information about pion propagation in nuclei. Although in the region
of energies around resonance, the key ingredient waa the A selfenergy, at larger
energies where the A does not dominate the XN amplitude, a new approach seems
inevitable and Iittie has been done theoretically. On the other hand one can efivisage
that an eikonal approach to the nuclear reactionz ohould be more accurate than at
lower energieu. At this point one haa to raiae a warning sign. Glauber tneory seems
to work remarkably well for some reactiona around remmarice and even belowzs). This
might in principle seem contradictory since one of the aaaential ingredients in pion-
nuclear reacticma iz pion absorption which afbcta nil nuclear croaa sections. However,
Giauber theory, which relies upon the elementary XN amplitude alone, doea not
account for pion absorption which requires at leaat two nucleona. One of the rea~ons
for this apparent succeaa is the fact that the absorption ?art of the A selfenergy,
which increaaea the A width becauee it incorporate the new A,V ~ NJV decay
channel, partially cancela with the Pauii blocking correction which decreasea the A
width due to some blocking in the A ~ XN decay. This appears to be the caae in
view of the equivalent succeaa of a modified eikonal picture which includes explicitly

theze effectaa’l. However, if one goes to higher energieo the Pauli blocking effect will

become smaller and eventually negligible while pion absorption mechaniamn will still
be present. This loads one to a new eikonal picture accounting for pion absorption.

Aa an example let ‘W look at the single-charge croaa section (SCX) in a nucleus.
The SCX amplitude In the Glauber approach iz written aJ2S)

(9)

where I’ ia the profile function 1’) for an elementary #N amplitude v ritten aa

f(9) = /(’)(9)+ f(”)(q)d ● ? , (lo)

with d the iaoapin matrix for the piona. In the product 11(1 – r) we recognize the dis-

tortion factor due to quaaihatic scattering, Indeed, through some transformations,
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an equivalent way of writing this factor for large valuea of A is

(11)

where 11(1)(+’,q) is the lowest order pion selfenergy (~ = - ~~p). l’his ougg~ts

immediately how to include the effect of pion absorption. One simply haa to multiply

the factor 11(1 - I’) by

(12)

Since the essential thing done by the pion absorption piece ie to remove the

absorbed pions from tha elastic flux, the crucial thing is to include Imll$! in eq.

(12), where #ImIIA, provides the Aoorption probability per unit length.

Since we know that two- and three-body ●bsorption u important around resonance)

one should try to incorporate ●t least th~ pieca, which we would !lnd by calculating
the imaginary part of the diagrama of fig. 9. A straightforward derivation gives from

fig. 9a

where T u the XN amplituda, Do(q) the pion propagator and U(q) the Lindhard
function for a ph excitation,



On the other hand one gets for the three body absorption of fig 9b

where TI(ZJ(g) is the p:.on tielfenergy containing the quasielaetic and two-body ab-

sorption contribution. Note that in this scheme we are aesuming only pions are

responsible for the interaction. One could in principle add other ingredients allowed
by the xJl 4 ZN virtual transition, but we will concentrate our attention on the
pions and on how to separate what we shall call genuine thr~body absor.otion con-

tribution from quaaielaetic followed by two-body absorption. M’e will omit t~,e details

here, but one can prove that this latter contribution can be obtained from eq. (14)
by using the same integral but substituting

(15)

It is clear that since in the Glauber formula, thoee events where there is a quaaieleatic
scattering will cauae the pion to be removed from the elaetic flux, one doea not
have to remove again the pione which undergo quaeielaetic scattering plus two-body
absorption in order to avoid double counting. This meana that in lmI’I~! (q) in the
Glauber formula one hae to include only the genuine three-body absorption which
comee from eq. (14) after subtracting the mrne integral with the substitution of eq.
(15).

The previous diecuzaion SOIWMa formal problem of how to proceed in the many-
body method while being consistent with previoue aeeumptione used in the models.
On the other hand it io clear that a realistic picture would contain more than just
pions being reaponeible for the exchange of information between partick. In ref.

2, a complete model could be comtructecl since for reeonance dominated proceeme,
objects in the T= 1 channel and p-wave couplin~ (m and p] were the eeeential elements
in the exchange. Here, where many partial wav~ contribute to the WN scattering
amplitude and the A rcmcmance b no longer dominant, a consistent model is not a
trivial tack. We have not ●ttempted it, altho@ we believe it to be ● problem of
prime intereot if one wishem to study pionic reactions in that range of energies.

However, it u also interesting to show a first calculation of tha effect of the emieet
and clean-t piece, two-body ●bsorption mediated by one pion exchange aa ehown in
fig. 9a. We use for such ● purpoee eq. 13. For the value of [7’lt we haie taken the
angular average of the name magnitude and thus

(16)

where the average in ll’ly u over initial spin and kopin of the nucleons and the sum

is over final spin ismpin of the nucleon and isocpin of the pion. The quantity t? ie then
the @pin ieoapin averaged elastic croaa wction, which in evaluat~{ by using Arndt’s
phaae ehifts,te)



The results th~t we obtain by using eq. (1) together with the absorption factor,
eq. (12) can be seen in figs. 10 and 11.

In fig. 10 we show the importance of including the d wave in the calculation of
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SCX croes mctiom above 300 MeV and of the ~ wave above 700 MeV for the reaction

14C(T+! To) “N” Similar efl=~ have b~n calculated in ‘Li(n+, x0)7 Be. In fig. 11 we

I



show the effect. of including twmbody pion absorption. As discussed before we have
not attempted to make a full model for the absorption and we are aware of the many
absorption mechanisms beyond the simple two-body absorption mechanism mediated
by pion exchange which we have considered. The calculation is however illustrative.
We observe that inclusion of this absorption mechanism is responsible for a 20%

decrease in the cross section. This is an indication that including other two-body
mechanierns$ together with the thr~body mechanism, known to he ae important aa
those with tw~body at resonancezl, would produce a sizeable decreaae of the cross
sections which could be estimated at the level around 50%. This would bring the
theoretical results closer to the experimental values from refs, 22 and 27, which we
also show in the figure, Our results also predict a sharp fall of the differential cross
sections beyond T* = 600 MeV and a subsequent peak around T. = 850 MeV.

6 Conclusions

In the first part of this paper we have shown that a microscopic many-body theory
can give proper account of the different reaction croee wctions around resonance,
The eaaential ingredient waa the A selfzmergy, particularity ita imaginary part and
the separation of the imaginary parta coming from different analytical cuts, which
were related to the probabilities of reactiom in different channela.

As we go above reeonance and the A does not dominate the reaction one should
look for other schcmee, different than those used around resonance, in order to study
the pion-nuclear reactiona. The fact that we are now at higher energies ohould make
an eikonal approach quite reliable. However, unlike proton collisions, in pion-nuciear

scattering we have the new channel of pion absorption which is not accounted for

in a standard Glauber picture. We have given here a prescription to include it in
calculations and have given the flrat step towards calcul~ting thae absorption pieces
at higher energicm, showing that the SCX expw;mental data suggeot the need for an
appreciable effect from pion absorption.

A thorough study of the absorption mechanism, both from the theoretical and
experimental point of views looks mod integrating ●t the pr~nt time in order to get
a good understanding of the different pionic reactions in thh new energy region.
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